Abstract Electrical stimulation therapies have been used for more than 30 years to enhance spinal fusions. Although their positive effects on spinal fusions have been widely reported, the mechanisms of action of the technologies were only recently identified. Three types of technologies are available clinically: direct current, capacitive coupling, and inductive coupling. The latter is the basis of pulsed electromagnetic fields and combined magnetic fields. This review summarizes the current concepts on the mechanisms of action, animal and clinical studies, and cost justification for the use of electrical stimulation for spinal fusions. Scientific studies support the validity of electrical stimulation treatments. The mechanisms of action of each of the three electrical stimulation therapies are different. New data demonstrates that the upregulation of several growth factors may be responsible for the clinical success seen with the use of such technologies.
Introduction
A common challenge to spinal fusion procedures is a postoperative failure to fuse, known as a nonunion or a pseudarthrosis. Despite the technologies that are available today, nonunion rates can still be as high as 40%. Certain risk factors are associated with a higher chance of a nonunion. Risk factors include smoking, a past medical history of a previously failed fusion, diabetes, obesity, multilevel arthrodesis, and the use of certain medications. Electrical stimulation is one of the therapies available to increase the success rates of spinal fusions.
Electrical stimulation has been used for over 30 years to enhance spinal fusions. Since the earliest reported clinical use in 1974 by Dwyer et al. [19] , there has been a growing interest in clinical and scientific studies of these technologies. Three types of electrical stimulation technologies have been FDA approved for clinical use: direct current (DC), capacitive coupling (CC), and inductive coupling (IC) such as pulsed electromagnetic fields (PEMF) and combined magnetic fields (CMF).
Positive results have been widely reported on the use of these electrical stimulation therapies to promote bone healing. However, the mechanisms of action of these treatments have been elucidated only recently. New data show that the mechanisms of action involve the upregulation of several growth factors. There are similarities and differences between the electrical stimulation technologies, which are examined in this review.
This review summarizes the current concepts on the mechanisms of action and evaluates the effectiveness of electrical stimulation therapies as demonstrated in animal and clinical studies. Similarities and differences between the technologies and cost justification of their uses for spinal fusions are also examined. This information will help physicians choose which, if any, type of electrical stimulation therapy to use to better treat the patient.
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Electrical stimulation therapies for spinal fusions: current concepts
Mechanisms of action
The potential use of electrical stimulation for bone healing first came from the observations of bone tissue electrical properties by Yasuda, Bassett, and Becker in the 1950s and 1960s [2, 3, 68] . When bone is mechanically strained, electrical potentials are generated; electronegative potentials are found in areas of compression and electropositive potentials in areas of tension. The significance of these observations is that the generation of these electric fields may form the basis by which bone remodels in response to mechanical stimuli (Wolff's Law). Bone forms in the electronegative regions and resorbs in the electropositive regions. These strain-generated potentials arise from the piezoelectric properties of the collagen matrix and electro-kinetic effects referred to as streaming potentials. Electric fields are also generated at injury sites in soft tissue and bone (injury-induced potentials) and at areas of active bone formation such as at the growth plates of developing limbs (biopotentials) [57] .
Since these endogenous electric fields modulate bone cell activities, various electrical stimulation devices have been designed to deliver these fields to enhance bone formation. Three types of electrical stimulation devices have received FDA approval for treating spinal fusions. They are DC electrical stimulation, IC such as PEMFs and CMFs, and CC electrical stimulation. The DC technology requires surgical implantation of the device whereas IC and CC technologies are noninvasive methods of producing electric fields at the fusion site. All of these technologies can also be utilized as adjuncts to surgical procedures using bone grafts.
Studies using a wide variety of cultures and in vivo animal models have been carried out to elucidate the mechanisms of action behind these therapies (Table 1) . This section of the article evaluates these studies first with DC, IC, and then CC stimulation.
Direct current electrical stimulation
The DC stimulation device consists of cathodes connected to a hermetically sealed power supply which is also the anode. It is an implantable device in which the titanium cathode is implanted at the site of fusion such as over decorticated transverse processes in posterolateral fusions, and the anode/power supply is positioned in the soft tissue at least 8 cm away from the cathodes. A constant localized current produced at the fusion site generates a biologically effective field of influence of approximately 5-8 mm from the cathode. Various configurations of the device, such as straight, wave and mesh, are available to maximize contact with the decorticated bone and graft material. Treatment usually lasts for a minimum of 6 months postimplantation, after which the power supply may be explanted at the discretion of the surgeon. The mechanism of action behind DC stimulation involves upregulation of a number of osteoinductive factors, which are normal physiologic regulators of bone formation. Using a rabbit posterolateral intertransverse process spinal fusion model, Fredericks et al. [24] investigated the effect of DC stimulation on the expression of bone related factors. This rabbit model has been found to closely mimic the surgical procedure performed in humans (intertransverse process arthrodesis) with similar nonunion outcome rates [6] . An L4-L5 fusion with autograft was carried out bilaterally on rabbits treated either with or without DC. DC stimulation was observed to upregulate specific temporal and spatial gene expression of osteoinductive growth factors bone morphogenetic protein (BMP)-2, -6, and -7, relative to control expression and it did so by enhancing the normal physiologic expressions of these factors. These results support Morone's findings on the importance of the upregulation of various growth factors at a specific time and location to attain successful fusion, and that each BMP has its own functions and is not interchangeable [50] . In addition, since the normal physiologic expression of the growth factors is enhanced, treatment with DC stimulation does not have the challenges observed with clinical application of single growth factors which requires implantation of high initial doses to retain the desired effective dose for the therapeutic time period. Short residence time of the applied growth factor, ectopic bone formation, bone resorption, and antibody formation against the single growth factor have been reported following intraoperative applications of single growth factors [16, 26, 39, 40, 47, 54, 66] .
The electrochemical reactions that occur at the cathode also contribute to the mechanism of action of DC stimulation. Faradic reactions at the cathode lower oxygen concentration, increase pH, and produce hydrogen peroxide [5] . The primary faradic reaction is
Decrease in oxygen concentration has been found to enhance osteoblastic activity while increase in pH increases osteoblastic activity and decreases osteoclastic activity [12] . In addition, hydrogen peroxide stimulates macrophages to release vascular endothelial growth factor (VEGF) which is an angiogenic factor crucial for bone healing [15] .
Inductive coupling
The PEMF device, a noninvasive technology, consists of external current-carrying coils driven by a signal generator. A magnetic field is produced which induces a secondary electric field at the fusion site. The coils are worn across the area of spinal fusion for about 3-8 h/day for 3-6 months. Patient compliance affects the efficacy of this therapy [49] . The CMF device differs from that of the PEMF device in that it is made up of a time-varying magnetic field superimposed on a static magnetic field.
Most investigations on the mechanism of action of IC technology have been performed with the PEMF signal which is FDA approved for fracture healing but not spinal fusion [1, 4, 8, 11, 29, 43, 44, 51, 64] . There is only one study using the PEMF signal that is clinically approved for spinal fusions [61] and a few studies with CMF [11, 20, 21, 58] . In assessing these studies, it must be noted that different PEMF signals have different effects and that the spine does not fuse in the same manner as a fracture heals; the latter may involve callus formation as in the case of endochondral ossification.
Thus, focusing on just the signals which have been FDA approved for spinal fusions, PEMF has been shown to elicit arteriolar vasodilation in a rat cremaster muscle model [61] . CMF stimulation, on the other hand, has been found to increase insulin-like growth factor II (IGF-II) in rat fracture callus [58] , and the IGF-II levels and receptors in human osteosarcoma-derived osteoblast-like cells [20, 21] . These results suggest that IGF-II may help mediate the increase in bone cell proliferation, and CMF may regulate the ability of osteoblast-like cells to respond to the growth factor by modulating receptor availability.
The biochemical pathway mediating the effects of CMF on bone cell proliferation was defined using mouse osteoblast-like cell cultures [11] . The results showed that the pathway involves the release of calcium ions from intracellular stores, which increases cytosolic calcium concentration and activates calmodulin, leading to enhanced bone cell proliferation. A dose response was also observed with cells treated with CMF or inactive devices for 0, 30 min, 2, 6, and 24 h. Cell proliferation increased with increasing treatment time for the CMF groups. A dose-response effect was similarly observed for CMF in in vivo studies using rabbit osteotomy/ostectomy models [52, 67] .
Capacitive coupling
Capacitive coupling electrical stimulation is another noninvasive therapy clinically used to enhance spinal fusions. The CC device consists of electrodes with conductive gel that are connected to an alternating current signal generator. The electrodes are placed paraspinally on the skin and produce an electric field at the fusion site.
Positive effects of CC on spinal fusions have been found to involve the upregulation of osteopromotive factors. Using the same rabbit posterolateral spinal fusion model as described by Boden et al. [6] , Fredericks et al. [23] investigated the effects of CC on the expression of bone related factors on spinal fusions. Preliminary results showed that CC stimulation upregulates specific temporal and spatial gene expressions of growth factors BMP-2, BMP-4, BMP-6, BMP-7, transforming growth factor (TGF)-b 1 , fibroblast growth factor (FGF)-2 and VEGF, and it does so by enhancing the normal physiologic expressions of the growth factors.
Lorich et al. [45] investigated the biochemical pathway mediating the response of bone cells to CC stimulation and found it to involve the calcium signal transduction pathway. Rat calvarial bone cells and mouse bone cell-lines were cultured and treated with CC device or inactive device. With the use of signal transduction inhibitors, the effects on cell proliferation and prostaglandin E 2 (PGE 2 ) production were analyzed. The biochemical pathway mediating the positive effects of CC stimulation on bone healing involves transmembrane calcium translocation via voltage-gated calcium channels, causing an increase in cytosolic calcium concentration which activates calmodulin, leading to enhanced bone cell proliferation. Phospholipase A 2 is also activated resulting in subsequent increase in PGE 2 . Zhuang et al. [69] further showed that CC stimulation promotes synthesis of TGF-b 1 via the calcium-calmodulin pathway.
Capacitive coupling stimulation of osteoblast-like cells similarly demonstrated a dose-response effect with increased cell proliferation with increasing treatment time [11] . When compared to the dose response of IC technologies, CC stimulation resulted in greater enhancement of cell proliferation. This greater response with CC may be due to the unlimited external source of calcium ions available to the cells compared to the limited intracellular source of calcium ions involved in IC stimulation [11] .
Animal studies

Direct current electrical stimulation
In 1986, Nerubay et al. [53] carried out an experimental double-blind swine study that showed enhanced rates of posterior fusion success with DC. Using a canine posterior facet fusion model, Kahanovitz and Arnoczky [32] similarly reported the effectiveness of DC in enhancing fusion success. All DC-treated animals achieved solid fusions compared to none in the control group. Fredericks et al. investigated the upregulation of growth factors by DC using a rabbit posterolateral spinal fusion model, and demonstrated solid fusions in all sites treated with DC. Bilateral fusions were observed in all animals (100% fusion success) in the DC-stimulated group at 21 and 28 days postoperative, compared to 0 and 33% in the autograft alone control group [24] .
Several studies have also demonstrated that DC stimulation enhances fusion success in a dose-dependent manner. Using a rabbit posterolateral spinal fusion model with autograft, France et al. [22] observed increased healing rates and fusion mass strength with 60 lA current DC stimulation compared to 20 lA stimulation and to control unstimulated groups. In the 60 lA group, faster fusion formation was obtained, as confirmed by histology, radiography, and biomechanical tests. When used in combination with coralline hydroxyapatite bone substitute, Bozic et al. [9] showed that 100 lA DC stimulation was significantly better than autograft alone. These results indicate the possibility of eliminating the morbidity associated with bone harvests from the iliac crest by combining bone substitutes with DC stimulation as a treatment in place of autograft. Using a sheep interbody fusion model with an electrified titanium cage, Toth et al. [65] showed 100% fusion rate with 100 lA DC stimulation compared to 27% in the unstimulated group. The increase in speed of fusion with increasing current density of DC stimulation was also demonstrated by Dejardin et al. [17] using a canine facet fusion model. All these studies demonstrate that DC stimulation enhances fusion success in a dosedependent manner.
Inductive coupling
The results on the use of PEMF for spinal fusions are not as conclusive as those for DC. A number of spinal fusion studies showed no significant differences between the PEMF-treated groups and the control groups. The first controlled experimental spinal fusion study with PEMF, carried out using a canine posterior spinal fusion model, demonstrated no statistically significant difference in fusion rates between PEMF and unstimulated control groups, despite observations of possible early accelerated healing response [34] . No enhancement of fusion success rates with PEMF was again observed in another canine posterior spinal fusion study, this time, using a different PEMF signal [35] . In a rabbit posterolateral fusion model, increases in stiffness, area under the load-displacement curve and load to failure of the fusion mass in the stimulated group versus control group were observed [27] . However, there was no difference in the fusion rates between the groups. A histological posterior fusion study with rats indicated enhanced bone callus formation with PEMF initially but the observed histological pattern became similar to that of controls after 8 weeks [30] . Furthermore, an investigation on the effects of PEMF on instrumentation-assisted posterolateral fusion using beagles showed a 17% increase in bone mineral density of the vertebral bodies of animals fused with instrumentation but again no statistical improvement in bone mineral density with PEMF [31] . With regards to CMF, there are no published scientific in vivo animal studies documenting the use of CMF for spinal fusions.
Capacitive coupling
Positive effects of CC stimulation on fracture healing have led to studies on the use of CC stimulation as an adjunct to spinal fusions. Using a castration-induced osteoporotic rat model, various CC fields and treatment durations were tested with the electrodes placed paraspinally at T11 and L4 levels [10] . The results showed that the lowest lA signal tested in this study (60 kHz, 100 lA signal) worked best. Castration-induced osteoporosis was significantly reversed and bone mass/unit volume was restored. It is interesting to note that since this is the lowest signal tested in the study, it is probable that a lower CC signal than that tested would also be effective.
Fredericks et al. [23] investigated the effects of CC on spinal fusion and the expression of noted bone related factors using a rabbit posterolateral intertransverse spinal fusion model. An L4-L5 fusion with autograft was carried out bilaterally on rabbits treated either with or without CC stimulation. It was found that at 21 days, two out of three rabbits had unilateral fusions in the CC-treated group compared to one out of three rabbits in the control group. At 28 days, one rabbit had bilateral fusion and two rabbits had unilateral fusion in the CC group, in contrast to two out of three rabbits in the control group with unilateral fusion. None of the rabbits in the control group had bilateral fusion.
Electric field distributions using CC stimulation were also determined in the spine and soft tissues for the rat [13] and the human [14] . Using a three-dimensional, anatomically based, finite element model of the human trunk from vertebral levels T5 to L5, current density distributions in the human spine during CC stimulation were evaluated by Carter et al. [14] . The model included fat, ribs, lung, intervertebral discs, spinal cord, muscle, cortical and trabecular bone of the spine, and other tissues as would be found at the respective levels. Variations in the distribution of induced current density depending on tissue resistivity and placements and configurations of electrodes were observed. The presence of fat contributed to higher current densities in the spine area. The generated electric field increased with increasing tissue resistivity.
The number and placement of electrodes and the output signal required to generate current densities and electric fields in the human spine of the levels shown to be effective in restoring bone mass were determined from these animal studies. Consequently, the CC device in clinical use consists of a pair of electrodes with a signal output of the same frequency but higher current than that modeled by Carter et al. [14] .
Clinical studies
Electrical stimulation therapies have been used clinically to treat spinal fusions ( Table 2 ). The primary methods for determination of fusion success in a clinical setting are based on radiographic grading and clinical function. Most studies evaluate fusion success with radiographic evidence alone. Fusion success rates defined by clinical function or both radiographic and clinical evidence are otherwise stated. Original criteria for fusion success rates in the clinical studies presented here have not been altered.
A large multicenter clinical study using DC to enhance spinal fusions was first reported in 1988 [36] . The results of three independent studies were published in this article. In the first study, 82 patients underwent posterior spinal fusion with DC stimulation. The results were compared to that of a historical control group of 150 patients with fusion alone without DC. It was found that the DC group had a statistically significant higher success rate of 91.5% compared to 80.5% in the control group. The second study was a randomized, prospective, controlled clinical study on the use of DC stimulation on high-risk patients undergoing posterior spinal fusions. The patient population consisted of those with previous failed fusions, patients with grade II or worse spondylolisthesis, patients requiring multiple level fusions, and patients with other risk factors such as obesity, smoking, and diabetes. The DC-stimulated group had an 81% fusion success rate compared to 54% in the control group. The third study evaluated 116 patients from the same ''difficult to fuse'' population in an uncontrolled clinical study with DC for posterior spinal fusion. A 93% fusion rate was reported.
In 1994, Meril [48] reported the results of patients undergoing anterior and posterior lumbar interbody fusions with allograft. The fusion success rate of the DC-stimulated group was found to be 93%, compared to 75% in the control group. In a subset of patients who were smokers, the stimulated group had a 92% success rate versus 71% in the nonstimulated group. Cases without internal fixation had a 91% success rate in the stimulated group compared to 65% in the control group.
Other clinical studies focused on the use of DC for posterolateral fusions. Rogozinski and Rogozinski [56] carried out a study on patients undergoing posterior spinal fusion with pedicle screw instrumentation with and without DC. Patients in the DC group were found to have a higher success rate of 96% from clinical and radiographic assessments compared to 85% in the [63] . Clinical efficacy of PEMF was first reported in 1985. The study, which consisted of 13 patients with established pseudarthrosis who had undergone posterior lumbar interbody fusion, showed 77% of patients with healed interbody pseudarthrosis [59] . Lee, on the other hand, reported a 67% success rate of patients treated for posterior pseudarthrosis with PEMF [41] . The fusion rates were found to be dependent on patient compliance in wearing the PEMF unit. Noncompliant patients had fusion rates that were similar to unstimulated controls. Simmons et al. [60] also evaluated the use of PEMF for primary posterolateral spinal fusions and showed a fusion rate of 71% which is significantly lower than that demonstrated with DC in patients undergoing primary posterolateral fusions.
The first multicenter clinical study with PEMF was carried out in 1990 with 195 patients who underwent primary posterior or anterior lumbar interbody fusions [49] . Posterolateral fusions were not evaluated. In this study, the radiographic criteria for fusion required only 50% graft incorporation, which results in an overall success rate of 92% making it similar to that of Kane's overall success rate with DC. The control group had a 65% success rate. Subsequent 4-year follow-up of the patients revealed a decrease by approximately 25% in the longer term success rates, for a fusion rate of 67% compared to 49% in the control group.
With regards to posterolateral spinal fusion, Di Silvestre and Savini [18] carried out an uncontrolled study of 31 patients demonstrating encouraging preliminary results at 4-month time period. In an uncontrolled study of 48 high-risk fusion patients with PEMF and instrumentation, Bose [7] showed a 97.9% radiographic fusion rate and an overall clinical assessment of good to excellent of 83.4%.
Marks examined 61 patients with discogenic lowback pain who underwent lumbar fusion with or without PEMF [46] . Of the 42 patients treated with PEMF with a mean follow-up period of 15.6 months, the radiographic fusion rate was 97.6% compared to 52.6% in the unstimulated control group.
There is only one published clinical study on the use of CMF for spinal fusions [42] . The study was carried out with 201 patients undergoing noninstrumented posterolateral spinal fusions and showed an overall success rate of 64% in the CMF-treated group compared to 43% in the control group. CMF appeared to be effective only in women; fusion rates were not enhanced in men.
The largest and most comprehensive study evaluating the use of CC as an adjunct to spinal fusion is a multicenter randomized double-blind study carried out by Goodwin et al. [28] . In this study, the fusion is considered a success only if it meets the success criteria of both radiographic and clinical assessments, thus making the criteria more stringent. The overall fusion success rates were found to be statistically higher in the CC-stimulated group (85%) compared to in the control group (65%).
Cost analysis
The cost effectiveness of using adjunctive electrical stimulation devices was evaluated in 1996 [33] . Kahanovitz et al. examined a large database of patients undergoing posterolateral spinal fusions with and without DC and pedicle screw instrumentation, as well as the costs incurred in caring for the patients after discharge. The study used a carefully constructed framework consisting of well-defined clinical, functional, and economic patient outcomes as supported by evidence from randomized and prospective multicenter clinical trials, data obtained through epidemiological surveillance of lumbar fusion patients and peer-reviewed studies. Published reports using DC showed 90% or more radiographic fusion success in difficult-to-fuse patients and clinical assessments with improved patient outcomes. Lower mean inpatient day counts at 24 months after discharge were observed with DC patients with and without instrumentation (1.79 days for patients with DC and 0.73 days with DC and instrumentation) compared to controls (3.02 days for patients with no adjuncts and 3.08 days with instrumentation alone). The mean inpatient costs were similarly lower in the DC group with and without instrumentation (US $3,637 for DC stimulation alone and US $796 for DC with instrumentation) versus controls (US $6,110 for patients with no adjuncts and US $6,735 with instrumentation alone). The results showed that patients treated with DC with and without instrumentation had significant cost savings over those fused without DC.
An evaluation by the National Blue Cross Blue Shield Association's Medical Advisory Panel of DC treatment for spinal fusions in 1992 similarly concluded that DC as an adjunct to spinal surgery improves the outcomes of patients at high risk for pseudarthrosis [33] . DC was found by the panel to meet all five distinct criteria necessary to receive coverage for a medical device: (1) DC has received final approval from the appropriate government regulatory bodies, (2) the scientific evidence permits conclusions regarding the effect of DC on health outcomes, (3) DC improves the net health outcome, (4) DC is as beneficial as any established alternatives, and (5) the improvement is obtainable outside the investigational settings.
When compared to biologic treatments such as BMP-7 and BMP-2 (out of indication use) for posterolateral fusions, DC was also found to be most cost effective. Since only one DC device is used, the cost of DC treatment of US $5,075 remains the same for one to three or more level fusions. However, the cost of biologics doubles or triples from one to two to three level fusions, as the amount of material needed increases with multilevel fusions (currently the cost for BMP-7 is US $14,500 for a one level fusion, US $29,000 for two level, and US $43,500 for a three level fusion; BMP-2, based on an out of indication use at the efficacious dose of 40 mg per level, would increase from US $20,000 to US $60,000 for one to three level posterolateral fusions). This cost saving is also relevant for CC and IC treatments since only one CC or IC device is used for one or more level fusions.
Biological and biochemical effects of electrical stimulation on fusions
Recently, the mechanisms of action of electrical stimulation therapies have been elucidated. These studies support the validity of these treatment modalities to enhance success rates of spinal fusions. Electrical stimulation technologies-DC, IC, and CC-share a few similarities. These technologies upregulate a number of growth factors that are involved in normal bone healing. It is important to note that the upregulation of growth factors by DC and CC was determined mainly using spinal fusion models, whereas the IC mechanism of action was observed from fracture healing studies. Different PEMF signals have different effects. Since this review covers therapies for spinal fusions, only studies using the PEMF signal which is FDA approved for spinal fusions are reviewed and discussed. The healing of bone in spinal fusion also differs significantly from that of fracture healing; the latter may involve callus formation as in the case of endochondral ossification. DC stimulation upregulates mRNA for osteoinductive growth factors such as BMP-2, -6, and -7 which are known to stimulate bone and cartilage cell proliferation, differentiation, and extracellular matrix synthesis [24, 25] . IC CMF stimulation upregulates mRNA for IGF-II [20, 21, 58] . CC stimulation, on the other hand, upregulates the expression of factors TGF-b 1 [69] , and PGE 2 [45] , with preliminary results showing also the upregulation of BMP-2, -4, -6, -7, FGF-2, and VEGF [23, 25] .
In addition to the upregulation of growth factors, the mechanism of action of DC stimulation is also related to the electrochemical reactions that occur at the cathode which lower local oxygen concentration, increase pH, and produce hydrogen peroxide [5] . The decrease in oxygen concentration enhances osteoblastic activity while an increase in pH increases osteoblastic activity and decreases osteoclastic activity [12] . The net result is thus bone formation. In addition, hydrogen peroxide, another faradic product that is produced, has been shown to stimulate macrophages to release VEGF, an angiogenic factor that is crucial for bone healing [15] . It is possible that the faradic products from the electrochemical reactions at the cathode result in the expression of osteopromotive factors such as BMP-2, -6, and -7 that are upregulated by DC. Parathyroid hormone, which stimulates bone resorption, has been observed to be associated with cytoplasmic acidification of osteoblastlike cells [55, 62] . On the other hand, prostaglandins, which are known to stimulate bone formation, have been found to involve increases in pH in the cytoplasm of mouse osteoblast-like cells [37] .
In IC and CC stimulation, the biochemical pathway mediating the response of bone cells to both technologies involves an increase in intracellular calcium ion (Ca 2+ ) concentration and subsequent activation of calmodulin, leading to enhanced cell proliferation. However, the source of Ca 2+ for IC is different from that of CC. The CC signal acts at or within the bone-cell membrane, opening voltage-gated calcium channels, allowing extracellular Ca 2+ to enter the cell. In contrast, IC brings about the release of Ca 2+ from intracellular stores. Since the supply of Ca 2+ in extracellular fluid is infinite compared to the limited intracellular store of Ca 2+ , it has been suggested that this factor may contribute to the enhanced cell proliferation observed by Brighton et al. [11] at 24 h with CC compared to IC CMF. These forms of electrical stimulation technologies demonstrate dosedependent effects. IC PEMF stimulation has also been shown to elicit arteriolar vasodilation [61] .
A number of studies show the effectiveness of growth factors on bone healing. However, recent studies have raised concerns about the application of single growth factors. Although carriers have improved delivery and maintenance of the growth factors locally, high initial doses are still needed to achieve the desired mean dose over the therapeutic time period. Growth factors remain locally at the site of application for a short time period, and ectopic bone formation, bone resorption, and antibody formation against the growth factors have been reported [16, 26, 39, 40, 47, 54, 66] . In addition, since this therapeutic approach delivers only a single growth factor, it is still dependent on the recruitment of cells and other growth factors, which have synergistic effects. Morone et al. [50] have shown that successful fusion requires a specific spatial and temporal expression of various growth factors, and that each BMP has its own functions and thus is not interchangeable. In contrast, both DC and CC electrical stimulation technologies do not have these challenges as they upregulate a number of growth factors throughout the treatment time, by enhancing the normal physiologic expression of most of the growth factors.
In assessing the efficacy of these electrical stimulation therapies, it is also important to note that there are differences in the manner spinal fusions heal physiologically and biomechanically. Anterior interbody fusions are revascularized through the decorticated vertebral bodies, and the graft materials placed in the interspace are under compressive loads. In contrast, revascularization in posterolateral fusion comes mostly from surrounding tissues with little compressive forces on the graft material used.
There are numerous studies showing the effectiveness of electrical stimulation therapies as adjuncts to spinal fusions. Studies with DC consistently showed positive results with DC treatment for both posterolateral and interbody fusions whereas the results with IC, mainly PEMF, have been inconsistent and CMF has no published animal studies documenting its use for spinal fusions. In addition, there are more clinical studies supporting the use of DC for spinal fusions compared to IC. DC therapy has also been shown to be particularly successful in treating difficult-to-fuse cases. There is only one CMF clinical study and that is to enhance noninstrumented posterolateral spinal fusions. The concept of CC therapy is relatively new. Animal studies with CC have shown positive effects for spinal fusions, with other studies focusing on optimizing the signal used for CC treatment. In addition to animal studies, a large multicenter randomized double-blind study with CC has demonstrated the efficacy of CC treatment for spinal fusions. DC is an implantable device, and patient compliance is not an issue, unlike noninvasive IC devices. CC, which is also a noninvasive device, is the smallest and lightest of the noninvasive technologies available, perhaps improving its patient compliance.
Conclusions
The clinical benefits of electrical stimulation as adjuncts to spinal fusions have become increasingly recognized over the last 30 years. Scientific studies have better defined the mechanisms of action, thus supporting the validity of these treatments. However, these adjunctive electrical stimulation therapies are not equally effective in enhancing fusion success. Basic science and clinical studies shows DC stimulation to be superior to IC particularly when used to treat posterior spinal fusions. Data on CC therapy also indicate advantages over IC particularly for posterolateral fusions. However, it is not as statistically beneficial as DC for posterior spinal fusions. The demonstration that these technologies create an upregulation of several synergistic growth factors may prove to be more cost efficacious than the application of a single growth factor for spinal fusions. More studies on the mechanisms of action of electrical stimulation would help in even further defining the specific biological and biochemical pathways of its effects on spinal fusions and also possibly indicating new applications for these technologies. New applications for electrical stimulation include soft tissue healing such as wound healing, diabetic ulcers, and neuropathy. As research is conducted into other aspects and applications of electrical stimulation therapies, electrical stimulation should prove to be even more useful in the future.
